Stretchable microfluidic sensors have recently been developed and employed in many sensing applications. However, they are still in their early stage of development and facing considerable challenges, such as practical system integration due to the limitation of costs, wired connections, and sensitivity. In this paper, we present a compact soft wireless battery-free radio frequency identification (RFID) stretchable sensor based on microfluidic technology. The proposed RFID sensor has high sensitivity and is able to be stretched to 160% of its original size. Moreover, the sensor is completely wireless powered and battery-free. It can be fully embedded into sensor carriers, such as robots to eliminate wires, reduce the weight, and increase the agility. Difference to known received signal strength indicator (RSSI) techniques for RFID sensing monitoring, resonance frequency shift is used in this paper, significantly increasing the measurement accuracy, usefulness, and reliability for many practical applications.
to be considered because they are not constant, especially when tags are bended or twisted.
Benefiting from the development of microfluidic technology and the discovery of non-toxic, room-temperature liquid alloys made with gallium, indium (eGaIn) and tin (Galinstan), researchers have successfully fabricated liquid conductors and antennas without metal fatigue problem [22] , [23] . Impressive works on deformable soft antennas, such as stretchable microfluidic antennas made with liquid metal and hybrid silicone [8] , microfluidic serpentine antennas with reversible stretchability and mechanical frequency modulation ability [9] have been demonstrated. As the fabrication process becomes mature, mechanically tunable soft antenna was first reported using soft lithographic and rapid prototyping methods in [10] . After that, meandered dipole based stretchable RFID sensor has been reported in [11] and [12] , where the measurement of stretch is based on RSSI and reference tag is still be required. In [13] , a wireless stretchable RFID sensor which successfully converted the tensile elongation to frequency shift rather than signal strength was reported, significantly advanced the measurement reliability because the distance and angle between the tag and reader antennas are no longer relevant to the measurement accuracy. However, the antenna in [13] is a foot away from practical applications because of its lower Q factor, less sensitivity and nonlinearity.
In this work, the antenna structure is evolved from metamaterial inspired split ring resonator (SRR), operating at its second electric resonant mode [14] , which overcomes the disadvantages of meandered dipoles as stretching sensing antennas in [11] [12] [13] . A T-matching network [15] was connected for conjugate matching with the RFID chip (Impinj Monza R6). The antenna has the size of 3.3 × 3.5 × 0.23 cm 3 and the detection range of 6.7 m with the standard 3.28 W Equivalent Isotropic Radiated Power (EIRP).
Antenna design, fabrication process and measurement results will be presented in Sections II, III, and IV, respectively, followed by discussions on the tests of antenna bending and rolling effects. Finally, a soft actuator monitoring system will be demonstrated.
II. DESIGN OF METAMATERIAL INSPIRED LIQUID
METAL SOFT ANTENNA SRR is one of the most commonly used metamaterial structures and was first proposed in 1999 [16] . The strong coupling effects between the rings make the structure very sensitive to the change of the ring length and 2469-7281 c 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. gap width. Such characteristics provide higher sensitivity compared with those of the meandered line antennas [5] . A SRR inspired antenna can have multimode resonances. Its fundamental resonance mode has been proved having low radiation efficiency [14] , [17] [18] [19] because the radii of the rings are much smaller than the corresponding free space wavelength, which leads to low radiation resistance and efficiency [18] [19] [20] . Therefore, second resonance mode was chosen in this work. The antenna consisted of an SRR radiator, T-matching network and a RFID chip, as shown in Fig. 1(a) and (b). The antenna and matching network were designed and simulated using commercial EM simulation software CST MWS [26] . In the simulation, the liquid alloy was modelled as metal with a conductivity of 2.3 × 10 6 S/m [20] . The geometrical parameters of the antenna are illustrated in The second resonance mode of the SRR antenna has been studied [21] . The radiation resistance in this resonance mode is approximately 7 times higher than that of the same half wave length dipole. The input impedance of the commercial RFID chip (Impinj, Monza R6) is 12-j120 at 915MHz. The T-matching network, which connects the chip to the inner ring of the SRR antenna, is required to provide a conjugate matching between the chip and antenna for maximum power efficiency. The input impedance of the antenna is [15] :
where Z a is the input impedance of the SRR antenna itself, Z t is the input impedance of T-matching network, n is current ratio between two arms. The overall input impedance Z in can therefore be designed for conjugate matching with the RFID chip.
In the second resonance mode of SRR structure, the surface current distributions in both rings are of opposite directions and phase [14] . The resonance condition can be analysed using equivalent circuit model [19] , as shown in Fig. 2 . G c , G t , and G n are the conductance of RFID chip, T-matching network loss and SRR antenna (caused by loss and radiation) respectively. C c and C a represent the RFID chip input capacitor and SSR antenna parasitic capacitor where C a = π L x C pul [19] (L x is the side length of antenna, C pul is per unit length capacitor). L t and L a are the T-matching shorter arm equivalent inductor and antenna inductor. Resonance frequency f 0 can be expressed as:
where L total = L t L a n 2 L a n 2 −L t and C total = C c + C a n 2 . It can be seen that the resonance frequency decreases significantly due to the transformation of T-matching network and RFID chip capacitor. Therefore, both T-matching network and SRR antenna behave inductively. Under stretched condition, L t and L a increase because of longer current path, resulting the resonance frequency move down to lower frequencies. The measurement results between different stretching levels and frequency shifts are discussed in the following sections.
III. SOFT ANTENNA FABRICATION
Galinstan is a generic name of a series of roomtemperature eutectic liquid alloys which consist of gallium (Ga), indium (In), and tin (Sn). Galinstan has desirable properties such as low toxicity and low reactivity of its component metals. Therefore, Galinstan is an excellent substitution for some conventional conductive liquid, such as toxic mercury and reactive sodium-potassium alloy. Galinstan used in this work has a typical composition of 68.5% Ga, 21.5% In, and 10% Sn with the electrical conductivity of 2.3 × 10 6 S/m. It also has a large surface tension and great wetting properties on the surface of Ecoflex or other silicone rubber materials. Galinstan, therefore, can afford stable and reliable connections in the elastic channels [10] as it tends to hold their position even when a device is twisted, stretched, or severely folded.
Ecoflex is one of the most commonly used substrate materials in fluidic devices due to its attractive high elasticity, uncomplicated fabrication, easy casting properties and excellent biocompatibility. In this work, we used Ecoflex type 00-50 to make elastic substrate of the SRR antenna. The elongation at break of Ecoflex 00-50 in tensile strength test with ASTM D412 system is 980% (defined as the percentage change in length or ( l−l 0 l 0 ) × 100%, [22] ). Fig. 3 (a) and (b) show the structure of the antenna without and with stretching respectively. Deformation of the antenna under stretch is significantly influenced by Poisson's effect. For example, when the antenna is stretched in one direction, it becomes narrower and thinner in other directions. Such phenomenon changes the thickness of the antenna substrate and also affects its resonance frequency. The Poisson's ratio (v) of Ecoflex 00-50 is 0.49 which means this material is a nearly incompressible material which deforms elastically even under a very small strain. In Fig. 3(a) , the original length, width and thickness of the antenna are represented by L x , L y and L z respectively. When the antenna is stretched in X direction (L x + L x ), as shown in Fig. 3(b) , the thickness and width change to L y + L y and L z + L z . Eq. (3) shows the relationship between L y /L y , L z /L z and L x + L x [22] :
It should be noticed when the length varies in X direction (L x ), not only the width in Y direction, but the thickness will also change simultaneously. Fig. 4 (a)-(e) illustrate the fabrication process of the stretchable sensor: (i) A soft-lithography mold to cast uncured Ecoflex with a 2 mm Acrylic board (Acrylic Cast, AMARI) and a piece of 0.15 mm self-adhesive vinyl film (CRAFTRKZO, d-c-fix) were prepared. The Acrylic material, which was shaped with a laser cutter (Epilog Fusion), was used as the substrate and the frame in the mold. The vinyl film was used to form the structure of the channels in the mold. The profile of the antenna structure was cut on the vinyl film with a laser micro-machining system (Protolaser U3, LPKF) which contains an error rate less than 5%. (ii) Part A and part B of Ecoflex (type 00-50, Reynolds Advanced materials) were mixed at the ratio of 1:1. The uncured Ecoflex with a controlled height of 2 mm was degassed under vacuum for five minutes and then poured into the soft-lithography mold. In order to fasten the curing, the mold was put into a convection oven at 65 • C for 20 mins. (iii) The channels were sealed in the casted 2 mm Ecoflex layer with a piece of 0.2 mm Ecoflex film made with a spin coater. (iv) We made small incisions in the center of the thin Ecoflex layer to embed the RFID chip; the RFID chip (Monza R6; Impinj) was bonded on an Aluminum film with a bonding machine (FB-300 manual RFID wrapping machine) and inserted in the channels. (v) Two 0.3 mm-diameter needles were used to inject Galinstan into the channels through positive pressure and remove air. (vi) In IV. ANTENNA MEASUREMENT Voyantic Tagformance measurement system was used for the RFID tag measurement as shown in Fig. 5 . The RFID reader contains a signal generator, transmitter, power detector and receiver. The RFID antenna receives the signal and power from the reader and activates its chip which in turn modulates and backscatters the signal to the reader antenna.
The minimum power that the RFID tag requires can be expressed as:
where P t , G t are the minimum transmitted power and gain of the reader antenna, L cable and FSPL represent cable loss and free space loss which can be calibrated by using a standard tag before measurement. P th is the minimum threshold of the power required to activate the RFID chip, G tag is the gain of the tag antenna. τ is the matching factor, which describes the conjugate impedance matching between the antenna and RFID chip. P th and τ are constant for a specific frequency, the minimum power that can power on the chip is inverse proportional to the antenna gain G tag , which can be derived from measured P t :
Considering the detection distance requirements in real applications, theoretical read range R max can be calculated for given EIRP as:
where P max,EIRP = 3.28W, c is light speed and f is the corresponded frequency.
V. RESULTS AND DISCUSSIONS
The simulated antenna impedance variation with stretching is shown in Fig. 6(a) . It can be seen that the peak values of both real and imaginary parts of the impedance shift to lower frequency when increasing the stretching, resulting in the decrease of resonance frequency. The RFID antenna performance was measured in anechoic chamber. To measure the gain and resonance frequency of the antenna, the reader sweeps linearly from 800 MHz to 1 GHz with a 3 MHz step. The theoretical reading range is calculated using Eq. (6) and plotted in Fig. 6(b) . It can be found that the resonance frequency without stretching is 938 MHz with 6.7 m read range and it drops to 818 MHz at 60% strain. Therefore, the sensitivity is 5.71 MHz/mm, doubled the previous result [13] (2.65 MHz/mm). When the antenna is stretched, its resonance frequency decreases whereas the read range increases due to longer electric length of the antenna and higher gain. Fig. 6(c) illustrates the relationship between the resonance frequency and antenna stretching ratio. Two holders, which consist of low permittivity and low loss foam (71 IG-F, MK), were used to hold and stretch the antenna in Y-axis (inset Fig. 6(c) ). The distance between the RFID sensor antenna and reader antenna is 80 cm. To eliminate the influence of foam holders, calibration was performed every time when antenna length was changed. High stretchability up to 160% of the antenna length was tested with 5% per step. The antenna operates properly when being stretched to 160% and could be further stretched, yet, its resonance frequency will run out of the lowest allocated RFID frequency spectrum.
From Fig. 6(c) , linear relationship between the resonance frequency and stretching length can be observed. Fitted formula of the relationship can be expressed as:
Eq. (7) can convert the stretching ratio r directly from the measured resonance frequency. However, it should be noticed that two sides of the antenna were clamped by foam holders and the width is fixed. The ratio of stretching at the edge would be different from the central part. The same problem would happen in real applications, which affects antenna's resonance frequency. Therefore, it is necessary to calibrate the frequency-stretching ratio relationship after installing the antenna.
The radiation patterns of the RFID antenna under different stretching conditions were measured in both E-plane and H-plane (Antenna Measurement Studio 5.5, Diamond Engineering). For more intuitionistic demonstration, the read range was plotted instead of antenna gain. The data were recorded every 5 degrees rotation, as shown in Fig. 7 . The measured radiation pattern is similar with dipole antenna which means the antenna is omnidirectional at Hplane and weakly directional at E plane. The maximum read range is approximately 6.7 m, 7.4 m and 9 m with 0%, 30% and 60% stretching, respectively. Except the read range, there is no significant distortion of radiation pattern under stretching. Having demonstrated the relationship between stretching length and resonance frequency of the RFID stretch sensor, we go further to investigate the effects of bending and rolling to the RFID sensor antenna resonance because most applications not only have plane stretching, but also get distortion and deformation in other directions. In Fig. 8(a) , the antenna was bended from 0 • to 90 • (fixed by foam holders with different angles to ensure accuracy and reproducibility), the strong coupling between the inner and outer rings makes the antenna being less sensitive to the bending, no obvious frequency shift can be observed during bending. However, the maximum read range decreases by 1 metre when the antenna is bended to 90 • . This is because the bending distorts the antenna's radiation pattern, i.e., the gain reduces. The same conclusion can be drawn from the rolling test in Fig. 8(b) (held by paper tubes with different radii), only when the radius is smaller than 1.5 cm, the resonance frequency starts to shift. It increases by only 15 MHz when the rolling radius reduces to 0.7 cm. At this point, the antenna touches itself from end to end. These experimental data verify that bending and rolling have little effects on the resonance frequency as the electric length of the antenna barely varies.
As the cyclability is another important criterion to evaluate stretchable sensor performance, the RFID sensor was stretched (2L x ) and released (L x ) 1000 cycles. Its resonance frequency was recorded every 100 cycles and plotted in Fig. 9(a) . The resonance frequency is rather stable in the first 500 cycles and starts to decrease from 600 cycles. There is approximately 2 MHz frequency shift after 1000 cycles. Based on Eq. (7), the calculated distance error is 0.032 mm which confirms that the RFID sensor has an excellent cyclability. In order to demonstrate that the proposed sensor can be used in practical environment, we moved the whole measurement set to office environment with tables, computers and people moving around. The measurement results are plotted in Fig. 9(b) . In the original state, the peak value of the backscattered power varies with different radiating power whereas the resonance frequency has kept constant. After stretching the sensor of 50%, all peak values shift from 944 MHz to 842 MHz, indicating that the sensor works well under practical multipath interference environment.
Taking a step further to real applications, we have integrated the RFID stretchable sensor into a soft chamber which is made of silicone materials with pneumatic channels based on the structure described in [23] since it is compatible with soft lithography [24] technology. In the fabricated soft chamber, a series of pneumatic channels were embedded in an extensible Ecoflex layer and bonded to a relatively less extensible PDMS layer (Young's Modulus of Ecoflex is 69 kPa [13] whereas PDMS is 0.8-3MPa [25] ). When compressed air is injected into the chamber, the chamber inflates like balloons. The difference in strain between the Ecoflex layer and the PDMS layer causes the structure to bend.
In Fig. 10 , the fabricated actuator is flat and the RFID stretchable sensor antenna operates in its original state when air pressure is zero. Its resonance frequency is 917 MHz (this is lower than that of the antenna shown in Fig. 4(f) because of the increment of substrate thickness). With increasing air pressure, the Ecoflex grooves start to expand. However, the expansion rate of relatively rigid PDMS layer is much smaller. The different expansion rates lead to bending action of the actuator. Under such condition, the RFID stretchable sensor was stretched at both X and Y directions and bended from 0 • to 90 • . The resonance frequency with different bending angle is shown in Fig. 11 . It can be seen that the average resonance frequency shift rate is >1.4 MHz/ • at 0 • ∼ 30 • and >2 MHz/ • at 30 • ∼ 60 • (exceed measurement range when bended over 60 • ). 
VI. CONCLUSION
In this paper, we have demonstrated a metamaterial inspired soft wireless battery-free UHF RFID liquid metal stretchable sensor. The operation principle is based on the resonance frequency detection of the RFID sensor antenna, which can convert physical parameter variations to its resonance frequencies. This technique has advantages over the RSSI: it doesn't need reference antenna and has high sensitivity. First a compact SRR UHF RFID antenna which is highly sensitive to the mechanical stretch has been designed and fabricated. Secondly the performance of the RFID sensor under different stretching length, including backscattered powers, read ranges and radiation patterns, has been measured, verifying that the resonance frequency of the RFID antenna can be altered efficiently during stretching. Thirdly, bending and rolling of the antenna have been tested and discussed. Fourthly, the reliability test reveals that the sensor maintains good performance up to 1000 stretching cycles. Finally, a prototype of RFID stretching sensor enabled soft pneumatic actuator has been fabricated and demonstrated, illustrating the potential applications of the reported soft wireless battery-free UHF RFID stretchable sensor.
